Objectives: To investigate the contributions of genetic and environmental factors to the development of relative weight during the growth period. Design: Longitudinal twin study. Subjects: Two-hundred and thirty-one monozygotic and 144 dizygotic complete male twin pairs born between 1973 and 1979 were measured annually from birth to 18 years of age. Results: Body mass index (BMI, kg/m 2 ) at age 18 correlated with BMI at age 1 (r ¼ 0.32, 95% confidence intervals (CI) 0.21-0.42), and this correlation increased steadily up to age 17 (r ¼ 0.91, 95% CI 0.89-0.93). Major part (81-95%) of these trait correlations was attributable to correlate additive genetic factors, but also unique environmental correlations were present during the whole-growth period. The correlation between ponderal index (kg/m 3 ) at birth and BMI at age 18 was small (r ¼ 0.09, 95% CI 0.02-0.15) and totally because of correlated unique environmental factors. Conclusions: Our results suggest persistent genetic regulation of BMI from age 1 to 18. However, environmental factors, not shared by siblings, also affected the correlations of BMI. A small specific environmental correlation was found between ponderal index at birth and BMI at age 18, which may reflect the effect of neonatal environmental factors on adult BMI. A challenge to the future research is to identify chromosome regions and specific genes regulating the development of BMI as well as environmental factors affecting BMI through the growth period independently or interacting with genetic factors.
Introduction
The obesity pandemic is one of the biggest health problems in the industrialized world, 1 and it is becoming a major health problem in the developing countries also. 2 Especially alarming are findings that obesity is continuously increasing in children and adolescents. 3 Previous studies have suggested that adiposity during childhood and adolescence is a strong predictor of obesity in adulthood. 4, 5 In previous twin and family studies, the heritability of body mass index (BMI, kg/m 2 ) in adulthood has varied between 0.50 and 0.80 in most of the populations. 6, 7 Previous longitudinal Danish 8 and US 9 adoption studies have also shown clear genetic influences on BMI through childhood. However, it is still not known how genetic and environmental factors contribute to the association between BMI in childhood and adulthood. Because childhood and adolescence are critical periods for the development of the liability for further obesity, 4 better understanding on the development of this liability during the whole-growth period is important.
In this study, we analyze how relative weight from birth to adolescence predicts BMI at age 18, and how genetic and environmental factors contribute to these associations in a longitudinal cohort study of male Swedish twins.
Methods

Information sources
The data were derived from the Swedish Young Male Twins Study described in detail elsewhere 10 and approved by the Ethics Committee at the Karolinska Institutet, Stockholm, Sweden. All male twins born in Sweden between 1973 and 1979 were identified in the Swedish Medical Birth Register covering more than 99% of all births in Sweden. In 1998 and 2002, two questionnaires including questions on zygosity based on validated questions of physical similarity in childhood and difficulties teachers might have had in distinguishing between the twins were sent to all identified twins. 11, 12 Response rates were 79 and 62%, respectively. In 2003, twins belonging to complete pairs of undetermined zygosity were offered a DNA test. DNA was purified from buccal cells collected by mouth washing, and zygosity was determined by 16 highly polymorphic microsatellite markers. 13 On the basis of DNA testing, 114 additional pairs were classified as monozygotic (MZ) or dizygotic (DZ). Birth order, birth weight and length, and gestational age were derived from the Swedish Medical Birth Register and from the questionnaire of 1998. We used ponderal index (kg/m 3 ) at birth and BMI (kg/m 2 ) from age 1 to 18 as the indicator of relative weight. Ponderal index at birth was adjusted for gestational age and BMI at other ages for exact age at the time of the measurement. This was performed by computing regression residuals of ponderal index or BMI with gestational age or exact age as an independent variable in a regression model. Logarithmic transformation was used to normalize the distributions of ponderal index and BMI. For some twins (214 twin individuals) there was possible 'cross-over' misclassification, where the medical birth record for each twin was incorrectly associated with the personal identification number of his co-twin as explained in detail elsewhere, 14 and they were removed when ponderal index at birth was analyzed. Growth data were recorded routinely as part of health check-ups at public child health centers from birth to 6 years of age and after that in annual health care examinations at schools to age 17. For all twins who responded to the questionnaire in 2002 and gave written permission, growth data were retrieved manually from municipal and county council archives all over Sweden. Most of the measurements were performed close to the birthday; if several measures were available, the measure closest to the birthday was selected. In Sweden, children start school at age 7 and complete the mandatory education at age 16, but nearly all adolescents continue in secondary education up to age 18-19 years. Because of the universal school system in Sweden, nearly all children and adolescents attend the public school health services. We were able to locate archived records from child health centers and school health services for about 50% of the twins who participated in the survey of 2002. For some individuals, we were able to locate the health records from the child health center but not from the school health services and vice versa. Because of the rapid growth during the first year of life, we accepted only measurements of height and weight performed within 1 month before or after the 1-year birthday; this was possible without excluding many participants because health check-ups were made frequently during the first year.
Data on measured height and weight in early adulthood were derived from the Military Service Conscription Register. Conscription examination, which predates active military service, was mandatory in Sweden by law for all Swedish male citizens born between 1973 and 1979, and only men with severe handicap or a chronic disease were exempted. During the time of the conscription examination, twins were 17.5-20-years old (mean 18.2 and standard deviations (s.d.) 0.3 years). Only eight subjects were older or younger, and they were excluded from the analyses.
Data derived from these sources were linked by using the unique personal identification number assigned to all Swedish citizens a few days after birth. In the linked data set, we had information on growth in 1158 male twin individuals. For 294 twin individuals, we did not have information on his co-twin; also these incomplete twin pairs were included in all analyses. We excluded 57 twin pairs with unknown zygosity. In the final data set, we had 375 complete twin pairs, 231 MZ and 144 DZ.
Statistical analyses
The data were analyzed using classical twin modeling. 15 Whereas MZ twins are genetically identical, DZ twins share, on average, 50% of their segregating genes. In addition to additive genetic variation, which is the sum of the effects of all alleles affecting the phenotype, part of the genetic variation is due to interaction between alleles in the same locus (dominance) and interaction between alleles in different loci affecting the phenotype (epistasis). The epistatic effects are assumed to be absent. Additive and dominance genetic effects have correlation 1 within MZ pairs and 0.5 and 0.25 within DZ pairs, respectively. Both MZ and DZ twins are assumed to share the same amount of environmental variation, which is shared partly by a twin pair (common environment) and unique partly to each twin individual (unique environment); the latter model component will include any random measurement error.
On the basis of above assumptions, four sources of variation interpreted as latent and standardized variance components in the structural equation model can be identified: additive genetic (A), genetic dominance (D), common environment (C) and unique environment (E). Our data include only twins reared together and therefore do not allow modeling of genetic dominance and common environmental effects simultaneously. Furthermore, we need to make the assumptions of random mating and lack of gene-environment interaction. Phenotypic assortment may increase DZ correlations and thus inflate the estimates of common environmental variance and reduce the genetic Genetics of relative weight from birth to age 18 K Silventoinen et al variance. 16 The possible effect of gene-environment interaction is estimated as part of additive genetic component to the extent the environmental factors interacting with the genes are shared within the twin pairs, which thus may also reflect genetically based differences in susceptibility to environmental factors. To the extent such environmental factors are not shared between twin pairs, the unique environmental component will absorb the effect.
The raw data analysis option as available in the Mx statistical package was used to allow the inclusion of incomplete twin pairs. 17 First, univariate models for ponderal index or BMI were fitted at each age. The fit of models was tested comparing w 2 -goodness-of-fit statistics and degrees of freedom (d.f.) between nested models; large change in the w ) between two nested models indicates that the more simple model does not describe the data well and the eliminated parameters are important in the model. The assumptions of twin modeling, that is equal variances and means for MZ and DZ twins as well as for first-and second-born co-twins, were tested by comparing twin models to saturated models, which do not make these assumptions. Next, the associations of BMI at age 18 with ponderal index at birth and BMI from age 1 to 17 were analyzed using bivariate correlation model ( Figure 1 ) based on reparametrization of Cholesky decomposition. 15 According to this model, the trait correlation between BMI at two different ages is because of correlations between additive genetic factors (r A ) indicating the same or closely linked genes and unique environmental factors (r E ) indicating same or correlated environmental factors. It should, however, be noted that the analysis does not indicate when these factors influence the BMI, and the tracking of BMI across the ages by the structural nature of the phenotype has a component of biological persistence.
Results Table 1 presents descriptive statistics by zygosity for ponderal index at birth and BMI from age 1 to 18. Means of ponderal index and BMI in DZ twins were slightly higher than in MZ twins at most ages, but in s.d. no systematic differences between the zygosity groups were seen. BMI declined slightly from age 2 to 7 and then started to increase. The highest BMI was found at age 18 (21.5 kg/m 2 , MZ and DZ twins together). Pairwise intra-class correlations were higher in MZ twins compared with DZ twins suggesting genetic influence; the exception was ponderal index at birth in which the MZ correlation was only slightly higher than the DZ correlation. Genetics of relative weight from birth to age 18 K Silventoinen et al
Comparisons of MZ and DZ correlations for BMI suggested additive genetic/dominance genetic/unique environment (ADE) model at some ages (when MZ correlations were more than double the DZ correlations) but additive genetic/ common environment/unique environment (ACE) model at others (when MZ correlations were less than double the DZ correlations). Thus in the preliminary modeling, we decided to use both models as a starting point of genetic modeling.
The statistical assumptions of the twin analyses were tested by comparing the genetic models and the saturated models (data not shown but are available from the authors). We also compared additive genetic/unique environment (AE) models to more complex twin models (ACE or ADE) to study whether there was evidence for common environmental or dominance genetic effects. We found that the zygosity effect, that is higher BMI in DZ twins compared with MZ twins seen in Table 1 , was statistically significant at ages 16 (P ¼ 0.009), 17 (P ¼ 0.01) and 18 (P ¼ 0.02). We also found statistically significant birth order effect at some ages: mean ponderal index of first-born twins was higher compared with the second-born twins at birth (0.77 kg/m 3 , 95% CI 0.54-1.00) and BMI at ages 4 (0.13 kg/m 2 , 95% CI 0.01-0.24) and 7 years (0.18 kg/m 2 , 95% CI 0.07-0.29). Because we were interested primarily in associations of BMI between different ages and aimed at comparable results for all age groups, we took account of these effects in all models that is allowed different means for MZ and DZ twins as well as the first-and the second-born twin.
We found a statistically significant common environmental effect at birth (Dw We decided to use the ACE model at birth and AE model at other ages. At age 3, we also repeated the analyses using the best fitting ACE model. When comparing the selected twin models to saturated models, less than optimal fit was found at ages 4 (Dw 2 4 ¼ 10.8, P ¼ 0.03) and 7 (Dw 2 4 ¼ 10.6, P ¼ 0.03). We found that there were some differences in variances between the first-and the secondborn twins as well as between MZ and DZ twins at these ages (data not shown), but these differences were minor relatively. These differences are probably because of random variation and large number of tests to be carried out, which increases the probability of type 1 error, rather than being a reflection of violation of the used univariate model.
We next estimated standardized effects of additive genetic and unique environmental factors on relative weight. At birth, the heritability estimate of ponderal index was low and statistically insignificant (a 2 ¼ 0.06 95% CI 0.00-0.35) and the major part of the variation was because of common environmental factors (c 2 ¼ 0.49 95% CI 0.23-0.60). From age 1 to 18, the heritability estimates were high and varied between 0.83 and 0.92 without a systematic age pattern (Figure 2) . If the best fitting ACE model was used at age 3, the heritability was expected to be lower (a 2 ¼ 0.42 95% CI 0.20-0.72) and a clear common environmental effect was present (c 2 ¼ 0.44 95% CI 0.13-0.65).
We carried out modeling using Cholesky bivariate decomposition to analyze the associations of BMI at age 18 with ponderal index at birth and BMI from age 1 to 17 ( Table 2 ). The AE model was used at other ages except at birth when the ACE model was used. The phenotypic correlation between ponderal index at birth and BMI at 18 years of age was low (r ¼ 0.09) and additive genetic correlation was not statistically significant (Dw 2 1 ¼ 0.95, P ¼ 0.33). When additive genetic correlation was not included into the model, a statistically significant unique environmental correlation was found (r E ¼ 0.14). The trait correlation with BMI at age 18 increased clearly to age 1 (r ¼ 0.32) and then increased steadily to age 17 (r ¼ 0.91). These correlations were mainly explained by genetic correlations (81-95%), but also unique environmental factors showed correlation during the wholegrowth period.
Discussion
We found in a longitudinal population-based cohort of male twins that BMI at age 18 was associated with BMI from ages 1 to 17, a result also found in previous population-based singleton studies. 4, 5 As an indication of the tracking across ages of the BMI, the correlations increased with increasing age, from 0.32 between 1 and 18 years to 0.91 between 17 and 18 years. As much as 90% of this tracking could be explained by the same additive genetic factors influencing BMI throughout these ages. Thus, genetic factors had a sizeable carry-over effect during growth. At all ages after 5 years, the additive genetic variance components were correlated closely with those at 18 years (r A ¼ 0.57-0.93). 
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On the other hand, environmental correlations stabilized to 40.60 only after 16 years. This suggests that until the teenage years, environmental effects and lifestyle were changing continuously. Body size and obesity are known to track from birth to adulthood. 5 Most studies in singletons suggest a positive relationship between size at birth and later adiposity 4 and two recent large-scale studies have confirmed this. 18, 19 In the current study, ponderal index at birth and BMI at age 18 were correlated weakly (r ¼ 0.09). A previous study on the same Swedish twin data set reported only 4 weak association between birth weight and BMI at age 18. 14 In Finnish twins, the correlation coefficient between ponderal index at birth and BMI at age 16 was roughly the same size (r ¼ 0.11) than in the present twin cohort. 20 It is well known that twin pregnancies are different from singleton pregnancies and are characterized by earlier gestational age, lower birth weight and rapid catch-up growth, especially during the first year of life. 21 Birth weight discordance in both MZ and DZ twins is fairly common 22 and may be due to placental implantation and function resulting in nutritional imbalances between co-twins in the uterus. Because of the intra-uterine environmental constrains, MZ co-twins are less similar at birth than they would be based on their genetic potential. Thus, heritability of relative weight tends to be low at birth, as is consistently found in this and previous twin studies. 20, [22] [23] [24] However, although the correlation between ponderal index at birth and BMI at 18 years of age was weak in this study, we found a statistically significant unique environmental correlation. Thus, our study gives some evidence that fetal conditions may have an effect on later adiposity as suggested by previous population-based studies. 20, 25 Already at age 1, the heritability of BMI was high and remained so for the rest of the growth period. Studies on the heritability of BMI in children are rare. In a study on a UK cohort of 4-year-old twins, the heritability of BMI was lower than in our study (0.64 in boys and 0.61 in girls) and a substantial common environmental component was found. 26 However, that study relied on maternal reports on height and weight, and possible systematic under-or overreporting of height and weight by the mother was modeled as part of common environmental component. In 8-to 16-year-old children from the US, the estimates of heritability of BMI have been 0.67-0.93 with no significant common environmental effects. 27, 28 In a previous US adoption study, heritability estimates from 1 to 7 years of age varied between 0.32 and 0.64 when sib-sib correlations were used; when heritability estimates were computed using parent-offspring correlations, the heritability estimates were lower at early ages (1-3 years). 9 The same pattern was observed in the Danish adoption study, 8 in which, however, age-specific correlations between adoptees and biological full siblings correspond to a very high heritability of BMI at school ages. Thus, the high-heritability estimates of BMI in the present study are in agreement with previous studies and confirm that childhood BMI is under strong genetic control. It is noteworthy that the quantitative genetic model used in this study is quite insensitive to distinguishing common environmental effect from additive genetic effect if the data set is not very large. 29 It may also be discussed whether model selection should be based purely on fit statistics or whether less parsimonious models should be considered as well. 30 We found a statistically significant common environmental effect only at birth (c 2 ¼ 0.49) and at 3 years of age model) . If the sample size had been larger, it is possible that the ACE model would have fitted the data better at these ages than the AE model. The heritability estimate for BMI at age 18 was clearly higher than found in previous studies in adults. 6, 7 However in most of the previous studies, participants were older at the time of measurement than in our study, which may decrease the heritability estimates when unique environmental factors have had more time to influence fat accumulation.
There is also recent evidence that epigenetic differences within MZ pairs, modeled in this study as part of unshared environment, accumulate during the life course. 31 In many previous studies, self-reported height and weight were used, which reduce the heritability estimates as measurement errors were modeled as part of unshared environmental factors. High heritability of BMI may reflect physiological, metabolic or structural differences partly. However, genetic factors can also affect BMI through health behavior as a strong genetic component is found in eating behavior, 32 dieting patterns 33 and physical activity. 34 It is also noteworthy that possible gene-environment interaction may inflate the effect of genetic factors if the environmental exposures are the same. Thus, the genetic component may not only reflect a direct effect of genes but also genetic differences between individuals in susceptibility to environmental factors. It is possible that in the current obesogenic environment especially children who have genetic predisposition to obesity become heavier leading to high genetic component behind BMI. It is interesting that the unshared environmental effects on BMI correlated significantly between distant phases of childhood. However, the environmental correlations were only moderate (r ¼ 0.28-0.55) from age 1 to 15 years, but higher from age 16 years. This indicates that these environmental influences, which could be stable behavioral habits, begin to be established already in childhood, and are further and more firmly stabilized in later adolescence. It should, however, be noted that this correlations may be partly due to epigenetic effects, which are modeled as part of unshared environmental factors. 35 Our study has strengths but also limitations. The main strength is measured data on height or length and weight from birth to early adulthood in twins, which makes possible to study the role of genetic and environmental factors. We were able to find the growth records only for half of our study subjects. However, all children in Sweden are covered by preventive child health services and a universal school system, and conscription examination was mandatory by law to all males belonging to relevant birth cohorts. Therefore, it seems unlikely that our study cohort is selected according to height, BMI, health status or socioeconomic position. The inability to find growth data in archives all over Sweden on twins who had provided informed consent is most likely due to administrative circumstances unrelated to these factors. However, one factor, which may have caused some biased selection, is high mobility of childhood families making it difficult to find the growth records. Such subjects are more likely to be excluded from the study.
A limitation of our data is that we do not have information on parental BMI and thus need to make the assumption of random mating. A previous study, which utilized information on twins and their spouses, showed assortative mating according to BMI, which was partly due to phenotypic assortment. 16 This may increase DZ correlations and subsequently lead to inflated common environmental component and correspondingly reduced genetic components. Another limitation is that zygosity determination for most twin pairs was based on self-reported information. However, determination of zygosity by DNA analysis was offered to all complete pairs of undetermined zygosity based on their answers to the same classical questions in 1998 and 2002. 11, 12 As in the case of any disagreement in responses to these questions in the two surveys, twins were coded to have unknown zygosity, it is likely that zygosity determination is correct largely. The MZ/same sex DZ ratio in our data was 1.6, which is higher than expected. This may be because more DZ than MZ pairs were classified to have unknown zygosity. If this is more common in the most similar DZ pairs, DZ correlations are underestimated in our study leading to higher heritability estimates. Because the sample design was built around the conscription registry, we have information only on males. Thus our results cannot be generalized directly to females.
In conclusion, we found that BMI during childhood and adolescence was correlated with BMI at age 18. The correlations were mainly because of genetic effects, and also partly because of long-lasting environmental influences. A challenge to the future research will be to identify chromosome regions and specific genes regulating the development of BMI as well as modifiable environmental factors affecting BMI during the growth period directly or in interaction with genetic factors.
